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Abhstracd
I the decades sinee the advent ol in sito plasnoncasurcments on bowd spaccecraln, the
instomentition hos grown bigecr, heavier, and more complea a5 om understinding ol
space plasioas mproves, and our appetite for more infonmation increases, The resultis that
cutrent state-of-the aromnstrmnents my be up to several Feodnmnss, However, we can no
fonecr slford cither these Tarecr instimmnents o the spaceerastowlhoch ¢y thom There has
thus been o recentinterest in the toinistunzation of both spacecralc and the instroment
peylosd  Tradisonally, the desien of o spaceciadtand its pavload proceed slong aclatively
mdependent poths, wid Jigle aticmpt ot prodncing snoptinnized "whole™, The necd for
optitnization becomes more critical as the spacceratt bhecorme s sinallon, since Interscions
botween subsystems become more severe, However, to schicve such optinnization, the
spacccrafCHmstroments most be teated ss o complote systernns This paper descenbes the
results and sttos of anongoing design stody to vndorstand the probloms and trade space ol
fully integrating o instrament into s mcro spacecralt The exannple chosen for the sady is
amimatore C'ehip” sived) magnctome tern, under development at the Jet Propulsion
Vaboratory, using the clecton tunneling clicctin silicon. "The mnicio spacecralt is then built
around the very specihic necds of the sensor, The folly integrated electionies include
cicuits for the sensor, signal processing, and tlometny, As anapplication, @ set of these
autonomous, expendable “Free-flyer Mapnctometans” would b cjecied from a parent

spacecrafttomeasure both temporal and spatial stractone of the mnsgnetic ficld in selected



regions of the magnctosphere during the approsimitely 1 hour Jite of the freeflyer’s

buttery pows

i h troduciion

The Free-Flyer Maenctometo (FEN) program at the det Topolsion 1 aboratony hias

[

pursued dusl goals: 1) develop a process {or the design and fabnication of o highly

mtegrated, os nearly monolithic as possible highly nimatonized, sutonomous spaceciafi

which 2) can provide scientifically meanmeiul measmcments, In ade on, s eventual goal
of the T-EM progranm is to show that most of the frecyer aself com be tnass produced in

the manner of Integ:s ted chrenit chips, mic Uy rcducing theh cost

W IUTZInG 1ot Space fustiaments (whether counting photons or 1ons)

Atcmpls

evenually un into an entiance aperne problem: nomaticr how simall the othes

components can be made, o uselul sienal 10 noise ratio requites the front end Hf the
instument o be mueh nger. However, tgnetic hield sensors ore vnigue in that e g
simee they have no “aperione”, althoughiin o sense, they are asuring the magnctic flux,
Flence we have chosen maguetic ficld mcasmenicnts as the basis of the micio spaceerafi,
To allow the possibility of o tnonolithic st octore, we hive been developing a silicon: based
sensor using the clection twimehug eflect [Miller ¢1 ol TO2G] We iave also inve s reated
other sensor possibilitics, but the tunncli 1 sensor appeins to satisly overall requinenenits

best Details of this sensor ae given below.

The scientific application of the 1H4M s 1o provide the capability of multipoint veeto
meastirements of the magnetic Nicld in 1egions of the magnctosphere. "Fhis capability would
allow determination of sowrce conents, and the sepmation of spatial and temporal ef fects,
These have both long been goalsin the magnctospheric communty and e poals of the

Cluster as waell as Grand Tow Cluster Missions, (Sce fon example, “Cluster: mission,
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E:m::_5T:E:::_E:Zr;_r.m:.u.f\/Z.._,..,c,_..:_éx.::w?_cc Agcney, Mmch 1993)
Whereas these: wo nissions conploy 1elatively siall ninbers of spacecratt, the FEM con
provide dozens of measmement points at o rcasonable cost. We are currently targeted to be
able to cover volumes of the order of a fow tens of ki, and henee the interest would be in
stall seale structures such as in boundmy 1egions in the magnetospherc

Theovarall concept e ceflyar agnctometer is as follows. A host spacecral

contains an cjecton mechanism which, on Comnand, scleets a free-fiver () from a stor aee
magazme and cjects with arclative speed Hf o few /s, The TE sensor measures the
magnetic ficld and welemeters the data back 1o the host for storpge, processing, and later
tansinission to the ground. The measmements continue {01 as long as the FIZs batiery
lastso A sufhicien number of FYs ae conried one hie host 1o allow multiple cjection events,
~hese events can be iniiated cither by on board stored, tine- agpcd comnmand, by real time

ground cor nnand, o autonomously when, “or example, measurernents on the 108t meet

sote predetenmined criteria for sn cjection condition.

his paper is areport of work in progiess. We desceribe the overall concept of the FHM

N .

study, give g sunny of results of work to date, and discuss e Iy some of the open

1ssues yet to be tackled

7. tee- lver Maanete ¢ ¢ Arcaitectu e

The friee-flyer magnetometer systenn can conveniently be divided into three functionally
sepanate systemst ) the fiee-flyer itself, 2) the host flight systern, and 3) the 10st
spacecraltsystem: Theirelationship and componcint paris are shown schematically in the
block diagramn of Fig. . Although separate “boxes” are drawn (o cinphasize functionality,
iy of the clectionic components shown o fact can be physicidly combined into a single

Component. Tais s in keeping with - goal of sroducing a highly ntegrated systein



xeeptfor the maguetometer sensor, most of the components are in the conceptua designs

stuge. Inorder 1o bound the design, we have assumed a b cjcction speed of 325 m/s fion
the host spaceeraft, a mcasumement durcation of 1 i for each EE ond a maxinnn ringe of

020 ki trom the host spaceciaflt. We alse 100k the host Spacecra 1 bena g

wclination orbit for magnetic ficld weasoenients in the polar cusp rcgion

2.7 e Tiee-tlye

The free-flyer consists of @ set of sensors 1o provide three-axis measurements, sensor drjve
clectionices, logic and data storage clectronics, a teleme iy tansmitter and antermg, aud a
battery tand power processing clectionics. The hem of the free-flyer is he sensor, which is
descrnbed in detil badow. lere we iention that the baseline is an clection tnnchng oficet
sensor. Sinee this sensor is fabricated in silicon, it allows the possibility of combining it
with tnuch of the FE clectionics into a monolithic Stroctre, “This s one of the goals of the

program, as mentioncd above,

Lo P ds disk-shaped and spun up by the cjecton to naintain its incriial onentation. Jhe
cjection process also turns the ciicuitiy on. A photograph of o model of o concept of an Fr
1s shown in Fig. 2. 'The required power level (-few hundred W) is kept low by sharing
powar alternately between the ncasmement clectronies and the tramsinitier. That 15, the
process consists of the sequence: ncasurcment, store., transpit Transmission is via o
patch antenng on the base of the YE. The conier of cach 1) 1s coded to distinguish the
signal of onc from another, reliminary studics have shown that thenmal control of the Yiis

i be acconmmodated by using, approprate coatings,

The measwement dwation (and therefore spatial 1ange), size and weight of the Y37, and the

battery size ave intenclated. We have not done. any detailed trade studics, but obviously,




increasing the measurement tme in arder o increase the iange, for measmements in the

magnctosheath, for example, would requine more stored energy, and hence a lager 1

2.2. 1he host Hight System

The host fhght systam consists of those elements which direetly inteface with the {iee-
flyers: the ejector and FE storage, the FE signal iecciver and antenng, and a data processing
subsystem. A CAD drawing of an cjector/magazine concept is shown in g, 3. T this
concept, an ¥ disk is fust positioned into the spring loaded ¢jection tube. On fining, the
disk is spun up asitis ejected. Analysis indicotes that less than a few hundred RPM s
sulficient to provide the needed incriial stability, The length of the tube s the ordes of half
wneter, The total mass of ¢jector plus storage magazing is estimated o be the order of

several ke,

?2.3. The Host Spacectaft System
The hostspacecraft system consists of the components necessary to “service” the flight
system just described. Tins includes power, conmand, and data busses. To allow for
missions of opporiunity, in which the flight systeinis a piggyback payload on a spaceciaft
not specifically designed for it, these mterfaces shoud be kept simple. The flight syste o
musttherefore be designed to accommodate standarg interfaces, o1 be easily configurcd to

do so.

3. The Tunneling Sensor Magnetometer

The tunncling sensor yepresents a very new approach for magnetic ficld rcaswements,
This "chip-size”, all silicon device is based on the quantom iechanical electon-tanncling,
cffeet which has been vsed in scanning-tunmeling micioscopy since 1982 [Rinnis and
Roher, 1982). "The magnetonetar sensar exploits the tonneling effeet in an anangeinent
that nulls the deflection of a thin, fiexible silicon membrane cavsed by the 1 orents foree

resulting from the ambicnt field to be mcasmed, and a corrent cauying clement on the




micibrane. The timneling effect itself can be described withoreference to Fig. 4. The
tunncling tip is typically subrsicion in yadius, with a pap ~10 A to the swlace. The
tunneling conent between the tip and the surface depends exponentially on that distance.
This conent therefore provides a sensitive micasure of the gap distance. By use of o
Ttexible mambiane for the suiface, this cunrent then becomes a sensitive micasuie of the
111(‘£l|1)111!1(‘, displacement, and therefore the foree which produced the displacement,
Fuorther, electucally iebalancing this force provides a nolling mcthod of force measmement
[Kenny eral., 1994]. A schamatic vicw in cross section of such a device, with the drive
clectionics, is shown in Fig. 5. The gap distance is controlled by the membrane to tip
voltage, and this voltage thus provides the rebalance enor signal which is the measme of

the force on the membrane.,

I operation as a magnetic ficld sensor, 101s the Torente force resulting from the ambicnt
ficld and a current catrying clanent on the membrane which is measwed (Miller et al.,
199G]. The feedback signal is thus a mcasure of the applied ficld. Jigume 6 shows
schematically a configoration in which the covent element is actoally a loop of several
tuns, i order 1o incrcase the sensitivity. To provide good DC 1esponse the cutrent

clement is AC driven.

The deviee is fabiicated by micioelectiomechanical systems ("MEMS") techimology, aud is
cunently under developient by the JPY. Microdevices Taboatory [Kenny et al., 1994].
Based on working prototypes, we estimnate the capability of <4 wl'/¥Hz sensitivity, lincan
1esponse, wide bandwidth, wide dynamic range (>100 dB) and excellent stability. Powcr

conswuption for a 3-axis system 1s projected to be < 300 W,

6



a. Current Status

As indicated 1n the introduction, this is a 1epori on work n progress. There is much yet to
be done. Current efforts proceed along thiee liues: 1) the sensor, 2) system issues, and 3)
mission analysis. Some aspects of the tunneling sensor work wete surmnarized above. At
present, perfonmance is a few orders of magnitude away from the goal of =1 n1/417, but

projections indicate the goal is attainable with further development within a year,

Regarding the systern, as shown by Fig. 1, the basic building blocks are understood, but
the critical issucs of how to integrate these has received only little stody, One key issue,
for example, involves the magnetic cleantiness of the FE: how do you design such a
compact systeor while avoiding contamnination of the mcasviement by nearby chicuitry?
Another imporiant issuc involves how accurately the position of cach FE can be
detenmined. Since detennining cunrents involves calculating finite differences between
Fhs, the position accuracy divectly establishes the accuracy of the cunient determination,
Our present conceptis that over the life of the order of an howr, the position can be
detenmined accurately enough fronn orbit mechanics if the ejection speed and direction d ¢
known accurately cnough. One way of determining the speed is with a type of “raday gan”
on the host. An alternative method that has been suggested is 1o use the measurement of
the hield itself to determine the position, for 1egions where Farth’s field is modeled well

enough,

The mission analysis perfonned to date has been divected toward understanding some of
the charactenisties of how the Yis disperse 1elative to the host. The 1esult of one such
study is shown in Fig. 7, for the tajectories of § s ejected in 45° intervals at 21n/s
relative to the host at an altitude of 6600 ki, "The ordinate is along, the 1adial ditection,
while the abscissa is horizontal and in the plane of an 80° orbit. ‘The points are plotted at 30

min. intervals. Yor this example, the s therefore cover a region of about 5 to 10 kin

\!




arou nd the host in an how afte 1 ejection. Simlar caleulations for any arbittary host orbit

andejectionvelocity arestraight for war d.
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7. Figure Captions

1. Systein Block Diagram of Free-flyer Magnetometer systenn.

2. Photograph of fiee-flyer mockup.

3. CAD drawing of fiee-flyer ejector concept,

4. Schematic diagram illustrating the principle of the election tanneling effect. The
tunneling current 1 s exponentially dependent on the gap distance 7, with

a: 1.025 V- V2A-1 and @ is the potential barricr hight in eV between the tip and the

conductive surface.



5. Schematic diagram illustrating a methuxd forusing the tunneling effectina force
rebalance sensor. The voltage between the tunneling tip and the flexible. membranc is used
ina feedback circuit to readjust the gap inthe presence of anexternal force on the
membiane.

6.Schematic diagram usuating the tunneling effect force rebalance sensor used as a
magnetic field sensor. In this case, it isthe 1 .orentz force 1esulting from theexternalfield
to bemeasuredand e cutrent along the flexible eleinent which is sensed. The device will
thus 1ic.mute the component of the ficld normal to the plane of the diagram.

7.1 dispersal pattern of eight frce-flyers gjected 2 m/s n 45° intervals for a release altitude of

6600 Kin. Positons are shown at 30 min. intervals it the plane of the 80° inclination orbit

of the host.
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